The solid phase FT-IR and FR-Raman spectra of acetyl coumarin have been recorded in the regions 4000 -50 cm −1 . The spectra were interpreted with the aid of normal coordinate analysis following full structure optimization and force field calculations based on density functional theory (DFT) and Hartree-Fock (HF) at 6-31G* and 6-311++G** basis sets. The resulting force fields were transformed to internal coordinates, the calculated vibrational frequencies and normal modes were utilized in the assignment of the observed vibrational fundamentals. The measured spectral data were used to refine the vibrational force constants by means of a small number of scaling factors.
Introduction
Raman spectroscopy is re-emerging as a valuable tool especially in the investigation of complex molecules of biological interest [1, 2] . It successfully supplements infrared, which is conventionally used for detection and study of such compounds. Recently, vibrational spectral studies and theoretical computations related to natural products coumarin, cresyl violet perchlorate [3] , ginkgolide [4] , and columbianadin [5] were reported in the literature. However, the assignment of absorption bands of infrared spectra for such natural products continues to remain a big challenge to chemists. Previously, quantum chemistry calculation on complicated natural products was hampered by lack of computational resources. However, the philosophy of computational methods applied in vibrational spectroscopy changed significantly during the last two decade. The simplified empirical valence force field used earlier for traditional normal coordinate analysis (NCA) [6] has been gradually replaced by full harmonic force fields obtained from ab initio quantum mechanical (QM) calculations [7] [8] [9] [10] . With some QM program packages, vibrational frequencies and normal modes can be calculated as a matter of routine and even the calculation of IR and Raman intensities has become feasible with the use of higher level methods taking into account electron correlations and large enough basis sets. One of the most successful selective scaling schemes, developed with a deep understanding of the nature of molecular vibrations, is the so-called quantum mechanical (SQM) force field method [11, 12] . It requires transformation of the QM force field to internal coordinates and applied to a limited number of independent scaling factors that are common within groups of similar internal coordinates.
In this work ab initio and DFT calculations were performed. The vibrational frequencies of acetyl coumarin were calculated by using both density functional theory calculations and force field refinement method. Normal coordinate analysis of the title molecule were carried out to obtain a more complete description of the molecular motions involved in the fundamental vibrations of acetyl coumarin. The experimentally observed spectral data of the title compound is found to be well comparable to that of the spectral data obtained by quantum chemical methods. Theoretical spectra were done using Lorentzian function on MS Excel sheet and by using the wave number and vibrational IR and Raman intensities to interpret experimental vibrational spectra.
Experimental

Measurement of the vibrational spectra
Acetyl coumarin was obtained as previously described in the literature [14, 15].
Infrared spectra
The infrared spectra were recorded with a Nicolet Magna 750 FT-IR spectrometer equipped with a room temperature DTGS detector. The spectra of the solids were recorded in the form of KBr pellets in the 4000 -400 cm −1 spectral region at 2 cm −1 spectral resolution accumulating 128 scans.
Raman spectra
The Raman spectra were measured with a Nicolet 950 FT-Raman spectrometer equipped with liquid nitrogen cooled Ge detector. 1064 nm of an Nd:YAG laser was used for excitation at 30-150 mW output power at a spectral resolution of 4 cm −1 .
Computational details
Quantum chemical calculations were carried out with the 1994 versions of the GAUS-SIAN suite of program [13] using ab initio and density functional theory supplemented with the standard 6-31G* and 6-311++G** basis set. The Cartesian representation of the theoretical force constants have been computed at the fully optimized geometry by assuming C s point group symmetry. The multiple scaling of the force constants was performed by the SQM method, i.e. with selective scaling in the local symmetry coordinate representation [12, 16] using transferable scale factors available in the literature [10, 17] . The transformation of force field from Cartesian to symmetry coordinate, the scaling, the subsequent normal coordinate analysis, calculation of potential energy distribution (PED) was done on a PC with the version v 7.0-G77 of the MOLVIB program written by Sundius [18, 19] . To achieve a close agreement between observed and calculated frequencies, the least square fit refinement algorithm was used. The force field obtained this way was then used to recalculate the normal modes, PEDs and the corresponding theoretically expected IR intensities.
Results and discussion
Molecular geometry
The two anticipated stable conformers of acetyl coumarin both having C s symmetry are shown in Fig. 1(a and b) , respectively. The energy calculations were carried out for the two possible conformers namely cis and trans of the title compound by B3LYP and HF levels at 6-31G* and 6-311++G** and are tabulated in Table 1 . The energy obtained for cis conformer of acetyl coumarin ( Fig. 1 (a) ) at B3LYP and ab initio was found to be the global minimum. The optimized geometrical parameters obtained using the density functional theory (DFT) and Hartree Fock theory (HF) for cis conformer of the title compound is represented in Table 2. a) s-cis b) s-trans 
Analysis of vibrational spectra
The title compound, acetyl coumarin, consists of 22 atoms, has Cs symmetry and its 60 normal modes are distributed between the two symmetry species as Γ vib = 40A'[IR(x, y), R(p)] + 20A"[IR(z), R(dp)] i.e, all vibrations are active both in infrared absorption and Raman scattering. In Raman spectrum the in-plane vibrations (A') give rise to polarized bands while the out-of-plane ones (A") to depolarized bands.
Detailed description of vibrational modes can be given by means of normal coordinate analysis. For this purpose, the full set of 60 standard internal valance coordinates (containing 22 redundancies) was defined as given in Table 3 . From these, a non-redundant set of local internal coordinates was constructed (see Table 4 ) much like the 'natural internal coordinates' recommended by Fogarasi and Pulay [10, 17] . The theoretically calculated DFT force fields were transformed to this latter set of vibrational coordinates and used in all subsequent calculations. Figs. 2 and 3 present the FT-IR and FT-Raman spectra of acetyl coumarin, respectively. The detailed vibrational assignments of fundamental modes of acetyl coumarin are reported in Table 5 .
Carbonyl vibrations
The carbonyl stretching vibrations are found in the region 1780 -1700 cm −1 [20, 21] .
The sharp intense bands in IR spectrum at 1747 and 1684 cm −1 can be assigned to C=O stretching vibration, which is also observed in Raman at 1734 cm −1 and 1675 cm −1 as medium intensity bands. According to the calculations, the higher infrared frequency at 1747 cm −1 was assigned to C8O11 stretching coupled to C8C9 stretching. The vibrational frequency of the ketone carbonyl group C12O13 group is lowered and assigned to the band at 1684 cm −1 in the IR spectrum due to its different position in the molecule. The C8-O13 bond has in the alpha position atom O7 and belongs to the ester group, therefore its frequency is higher than the frequency of the ketone carbonyl group C12-O13.
C -H vibrations
The heteroaromatic structure shows the presence of C -H stretching vibrations in the region 3000 -3100 cm −1 which is the characteristic region for the ready identification of such C -H stretching vibrations [22] . Accordingly, in the present study, the C -H vibrations of the title compound are observed at 3079, 3068, 3046 and 3029 cm −1 in the FT-IR spectrum and at 3081, 3070, 3047 and 3029 cm −1 in the FT-Raman.
C -C vibrations
The carbon -carbon stretching vibrations of the title compound were observed at 1617, 1603, 1557, 1338, 1109, 807 and 739 cm −1 . The in-plane and out-of-plane bending vibrations of C -C group are presented in Table 5 . These assignments are in good agreement with the literature [23]. 
Methyl group vibrations
For the assignments of CH 3 group frequencies, nine fundamental vibrations can be associated to each CH 3 group. Three stretching, three bending, two rocking modes and a single torsional mode describe the motion of the methyl group. The above modes are defined in coumarin have been designated to ring in-plane and out-of-plane bending modes, respectively, by careful consideration of their quantitative descriptions. Small changes in frequencies observed for these modes are due to the changes in force constant/reduced mass ratio, resulting mainly due to addition of methyl group to acetyl coumarin and from different extents of mixing between ring and substituent group vibrations.
Conclusion
In this work, the SQM force field method based on DFT and HF levels calculations at 6-31G* and 6-311++G** basis sets have been carried out to analyze the vibrational frequencies of acetyl coumarin. A comparison of the results of experimental and theoretical study gave a full description of the geometry and vibrational properties of acetyl coumarin. Based on theoretically calculated energy difference, the cis conformer is found to be more stable than the trans conformer. The calculated vibrational frequencies were obtained with density functional theory calculations (B3LYP) and force field refinements methods. A close agreement was established between the experimental and scaled calculated frequencies obtained using the large basis set (6-311++G**). The calculations carried out proved to be more reliable and accurate than the calculation of semi-empirical methods or lower basis sets. ν -stretching; δ -in-plane bending; ρ -out-of-plane bending; τ -torsion (out-of-plane).
